Context. NRAO 150 -a compact and bright radio to mm source showing core/jet structure-has been recently identified as a quasar at redshift z = 1.52 through a near-IR spectral observation. Aims. To study the jet kinematics on the smallest accessible scales and to compute the first estimates of its basic physical properties, Methods. we have analysed the ultra-high-resolution images from a new monitoring program at 86 GHz and 43 GHz with the GMVA and the VLBA, respectively. An additional archival and calibration VLBA data set, covering from 1997 to 2007, has been used. Results. Our data shows an extreme projected counter-clock-wise jet position angle swing at an angular rate of up to ≈ 11
Introduction
An increasing number of jets in active galactic nuclei (AGN) have been reported to show either regular or irregular swings of the innermost jet structural position angle in the plane of the sky (e.g., in OJ 287, Tateyama & Kingham 2004; in 3C 273, Savolainen et al. 2006; in 3C 345, Lobanov & Roland 2005 ; in BL Lac, Stirling et al. 2003 ; in S5 0716+71, Bach et al. 2005) . Time scales between 2 and 15 years and structural position-angle oscillations with amplitudes from ∼ 25
• to ∼ 45
• are typical for the reported cases. We will call this phenomenon jet wobbling hereafter. Parsec scale AGN jet curvatures and helical-like structures also at larger distances from the central engine are also believed to be triggered by changes in direction at the jet ejection nozzle (e.g., in 3C 84, Dhawan et al. 1998) .
The physical origin for the observed jet wobbling is still poorly understood. Among the various possibilities, regular precession of the accretion disk is frequently used for modeling at present. Most AGN precession models are driven either by a companion super-massive black hole or another massive object inducing torques in the accretion disk of the primary (e.g., Lister et al. 2003, for 4C +12.50; Stirling et al. 2003 , for BL Lac; Caproni & Abraham 2004 for 3C 120) or by the BardeenPeterson effect (e.g., Liu & Melia 2002; ).
Send offprint requests to: I. Agudo, e-mail: iagudo@iaa.es However, other AGN scenarios that have yet to be explored extensively, such as the orbital motion of the jet nozzles (also involving binary systems) or other kinds of more erratic disk/jet instabilities (e.g., similar to those thought to produce the quasi periodic oscillations [QPO] in X-ray binaries), can not be ruled out yet. Note that, in support of these erratic instabilities, it is still under debate whether the observed jet wobbling is strictly periodic or not (see Mutel & Denn 2005 for the case of BL Lac).
There is still no paradigm to explain the phenomenon of jet wobbling in AGN, but it is rather likely that, as it is triggered in the innermost regions of the jets, it must be tied to fundamental properties of the inner regions of the accretion system. Hence, there is ample motivation to study the jet wobbling phenomenon to place our understanding of the jet triggering region and the super-massive accretion systems on firmer ground.
VLBI observations at millimetre wavelengths are a powerful technique to image the innermost regions of AGN jets -which are self-absorbed at longer wavelengths-with the highest angular resolutions; ∼ 50 µas at 86 GHz (3.5 mm) and ∼ 0.15 mas at 43 GHz (7 mm). Here, we report the discovery of an extreme case of jet swing in the quasar NRAO 150, through the first ultrahigh-resolution VLBI set of images obtained from this source at 86 GHz and 43 GHz. NRAO 150 is a strong radio-mm source. At radio wavelengths, on VLBI scales, NRAO 150 displays a compact core plus a one-sided jet extending up to r > ∼ 80 mas with a jet structural position angle (PA) of ∼ 30
• (e.g., Fey & Charlot 2000) . NRAO 150 was not detected by the early optical surveys, most probably due to obscuration through the Milky Way (Galactic latitude = −1.6 • ). Almost 40 yr after its discovery at radio wavelengths (Pauliny-Toth, Wade & Heeschen 1966) , NRAO 150 has been identified as a quasar at redshift z = 1.52 through a near-IR spectroscopic project (Acosta-Pulido et al. in prep.) . Throughout this paper we assume H • = 72 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7. Under these assumptions, the luminosity distance of NRAO 150 is d L = 11025 Mpc, 1 mas corresponds to 8.5 pc in the frame of the source, and an angular proper motion of 1 mas/yr translates into a speed of 69.4 c. These parameters are used here for the first time to make quantitative estimates of the basic physical properties of the jet in NRAO 150.
Observations, images and their modelling
The data set presented here consists of 5 VLBI images at 86 GHz taken with the Global Millimetre VLBI Array (GMVA 1 , and its predecessor, the CMVA) covering the time range from Table 1 .
The 86 GHz and the 43 GHz data were correlated at the Max-Planck-Institut für Radioastronomie and the VLBA correlators, respectively. Subsequent phase and amplitude (including opacity) calibration were performed using standard procedures within the AIPS software. Further phase and amplitude selfcalibration, as well as the final imaging, were performed through standard procedures within the Difmap software.
Examples of the resulting images at 86 GHz, 43 GHz, and 8.4 GHz -obtained in mid 2002-are presented in Fig. 1 together with a 2.3 GHz VLBA image obtained in July 2005 by Kovalev et al. (2007) . At the four observing frequencies, the images show the typical core plus one sided jet structures of radioloud quasars. However, the orientation of the sub-mas scale jet ( Fig. 1-a and b ) differs by > 100
• with respect to that at larger scales ( Fig. 1-c and d ). This suggests a bent structure of the inner jet oriented within a very small angle to the line of sight.
The series of 43 GHz images in Figure 2 shows evidence of motion in the North-West to South-East direction. More intriguing is the fact that this motion is accompanied by an evident counter-clock-wise rotation of the jet on the plane of the sky, which will be the subject of discussion hereafter.
Difmap was also used to model the images of NRAO 150 as sets of 3 or 4 circular-Gaussian intensity distributions (model components, e.g., Fig. 1 ). Elliptical Gaussian fits were also tested, but they did not improve the results. Only the minimum number of model components describing jet regions considerably brighter than the image-background rms and at close positions during contiguous epochs were allowed. All fitted model components resulted to have flux densities S comp (86 GHz) > 90 mJy, S comp (43 GHz) > 50 mJy, S comp (8.4 GHz) > 60 mJy. This characterized reliably each of the most significant jet regions by its flux density, relative position, and a FWHM size measurement at each observing epoch. Table 2 lists the results Table 1 . The 2.3 GHz convolving beam is (7.4 × 2.6) mas 2 with major-axis position angle at −2 • . The 86 GHz image illustrates the capability of the GMVA to achieve angular resolutions of up to 40 µas with dynamic ranges of up to 100:1 and notable image fidelity -as suggested by the matching 86 GHz and 43 GHz source structures-. In the 43 GHz image, the circles are centred at the positions of the Gaussian model components. The radius of such circles symbolize the FWHM size of the corresponding model component. from such fits, using the position of the (typically) brightest modelled Gaussian component -the VLBI core-as reference.
Superluminal motion and non-ballistic jet swing
The 43 GHz jet structure evolution is illustrated in Fig. 2 , whereas Fig. 3 shows the 86 GHz and 43 GHz inner jet axis evolution, the projected trajectories of the three identified model components Q1, Q2, and Q3 with respect to the core position, and the total flux evolution of these components. We modelled these trajectories, taking into account their curvatures, by fitting second order polynomials to them (e.g., as in Homan et al. 2001 and Jorstad et al. 2005) ; see the results in Table 3 . The mean measured proper motions are (0.047 ± 0.002) mas/yr, (0.042 ± 0.001) mas/yr, and (0.033 ± 0.002) mas/yr, for Q1, Q2 and Q3, with corresponding superluminal apparent speeds (β obs app ) of (3.26±0.14) c, (2.85±0.07) c, and (2.29±0.14) c, respectively. Fig. 3 shows that the motion of features Q1, Q2 and Q3 outwards from the core is accompanied by counter-clock-wise rotation of their position vector, projected onto the plane of the sky, with extremely fast angular speeds <Θ(Q1) >= (10.7 ± 0.7)
• /yr, <Θ(Q2) >= (5.8 ± 0.3)
• /yr and <Θ(Q3) >= (8.0 ± 0.5) • /yr. These are the first superluminal proper motions reported within the innermost 0.5 mas of the jet in NRAO 150. We should also emphasize that the three fitted trajectories are bent and non radial, which implies that the motion of all the jet features are non-ballistic up to a projected distance from the core of ∼ 0.5 mas. Assuming a jet viewing angle φ ≈ 8
• (see Section 4), the jet features are implied to behave non-ballistically up to a deprojected distance from the core ≈ 31 pc.
Similar results, in terms of the magnitude of projected angular speeds and non-ballistic nature, are obtained if either Q1 or Q2 is selected as the kinematic centre of the source.
Note also that when the mean projected velocity vectors of Q1, Q2 and Q3 are decomposed in their radial (with respect to the core) and non-radial (i.e. normal, β obs app norm ) components, the later are (2.71 ± 0.21) c, (1.39 ± 0.21) c, and (2.01 ± 0.14) c, respectively. Thus, we have shown here an extreme case of superluminal non-ballistic swing in the jet of an AGN. This is unusual because superluminal motions are reported in most cases in the radial direction relative to the core only. Recently however, a growing number of AGN jets exhibiting bent model-component trajectories have been reported (e.g., Homan et al. 2001; Jorstad et al. 2005) . NRAO 150 seems to be an extreme case, which reflects the remarkable non-ballistic nature of its jet. Both this non-ballistic nature and projection effects can explain why the trajectories of Q1 and Q3 do not cross with the one of Q2 when they are extrapolated back (see Fig. 3 ). corrected for Galactic absorption (assumed a photon index Γ = −1.7 ± 0.1) from 1RXS J035930.6+505730 (Voges et al. 2000) , which position is fully consistent with the one of NRAO 150 even at the level of the ROSAT 1-σ position error. No other X-ray source or bright radio-mm source is found within 1 arcminute of the position of NRAO 150. At ν m ≈ 37 GHz, the flux density S ν m = (2.59 ± 0.21) Jy (see Reuter et al. 1997; Voges et al. 2000; Chen et al. 2001; Teräsranta et al. 2005) . Given that the period between 1990 and 1997 was characterized by a low activity phase and that the VLBI structure of the source was dominated by the core in the 1990s, we assume that the bulk of the 37 GHz flux measured at the beginning of the 1990s was radiated from the core. By taking into account these measurements, the average 43 GHz size of the core in our VLBI maps from 1997 to 2007, < θ >= (0.10 ± 0.03) mas, and the typical optically thin synchrotron spectral index α ≈ −0.5 at the beginning of the 1990s, as well as the assumptions and approximations outlined in Agudo et al. (2006) , we obtain δ SSC ≈ 6. By using expression (2) in Marscher (1983) and the outlined measurements for the core (S ν m ≈ 2.59 Jy, ν m ≈ 37 GHz, θ ≈ 0.10 mas, δ SSC ≈ 6 and α ≈ −0.5), the magnetic field intensity in the jet can be estimated. In this way we find B ≈ 0.7 G, which is rather large for an AGN jet with the X-ray emission produced by SSC (e.g., Marscher et al. 1979; Ghisellini et al. 1998 ).
Jet physical parameter estimates
Using now both β obs app (Q1) as an estimate of the jet plasma speed and δ ≈ δ IC in the definitions of δ 2 and the apparent proper motion of the fluid, β app 3 , we obtain γ ≈ 4 and φ ≈ 8
• . Note that all these estimates should still be taken as first approximations, since the used measurements are not as accurate and simultaneous as needed. The results from a coordinated multi-waveband campaign organized in February 2007 will allow better and updated estimates. In addition, the nature of Q1, Q2 and Q3 is still not known. They might be related to pattern speeds of propagating Kelvin-Helmholtz perturbations, which must have smaller speeds than those of the fluid in which they propagate (e.g., Perucho et al. 2006) . In contrast, they could be shock waves propagating in a bent underlying jet. In this case, the speed of the shocks must be an upper limit of the plasma speed. Nevertheless, our estimates of γ and φ are consistent with those expected from the innermost regions of a quasar like NRAO 150, which extreme (projected) jet misalignment implies a very small viewing angle.
Summary and conclusions
We have reported the results from the first 86 GHz and 43 GHz VLBI monitoring program of the recently identified quasar NRAO 150. Our observations reveal a) a large projected misalignment of the jet by > 100
• within the inner 0.5 mas to 1 mas from the core, b) an extremely fast counter-clockwise rotation of the projected jet axis at a rate of ∼ 6
• /yr to ∼ 11 • /yr, c) nonballistic superluminal motions with mean speeds from 2.3 c to 3.3 c within the inner 0.5 mas from the core (deprojected distance ≈ 31 pc), d) transverse (non-radial) speeds of 2.7 c, 1.4 c, and 2.0 c for Q1, Q2 and Q3, respectively, e) an extreme case of superluminal non-ballistic jet swing, and f) the first approximations to quantitative estimates of the basic physical properties of the jet in NRAO 150: δ ≈ 6, B ≈ 0.7 G, γ ≈ 4, and φ ≈ 8
• . Whereas the ultimate origin of the jet swing must be an intrinsic change of the direction of the inner jet axis (either caused by changes produced at the injection region or by interaction with the medium surrounding the jet), possible causes for the non-ballistic nature of the emitting flow are either a small inertia of the jet compared to that of the impacted ambient medium, or by the fact that we are observing a jet instability propagating downstream. However, the superluminal non-ballistic motion of the jet features in NRAO 150 is perhaps too fast and systematic along tens of parsecs (deprojected, see above) to be induced solely by the ambient medium. In addition, the perturbation that must be produced either by the impact with such medium or by the changes at the injection region should imply the growth of disruptive instabilities (e.g., Perucho et al. 2006) , in contrast to the remarkable collimation of the jet up to the kiloparsec scale (see Fig. 1 ). Mizuno et al. (2007) have shown that a magnetic field with the appropriate configuration helps keeping a jet collimated against the growth of instabilities. Hence, this possibility, together with the high value for the magnetic field intensity estimated in Section 4, suggests that the magnetic field could play an important role in the dynamics of the jet in NRAO 150.
It is still unclear whether the reported change of the direction of ejection in NRAO 150 is related to a regular (strictly periodic or not) behaviour or to a single event. This, together with the still unknown nature of the moving jet features (either propagating
−1 where γ = (1 − β 2 ) −1/2 is the Lorentz factor, β is the speed in units of the speed of light and φ is the angle between the direction of the flow and the line of sight 3 β app = (βsinφ)/(1 − βcosφ) Figure) . Filled diamonds in the flux evolution plots symbolize upper limits (see Table 2 ).
curvatures or shocks in a bent jet), does not allow us to specify the ultimate origin of this phenomenon in the source. This will be the matter of future studies. Nevertheless, the extreme characteristics of the jet swing make NRAO 150 a prime source for future studies of the origin of jet wobbling. Table 1 . 86 GHz and the 43 GHz image information. Given are the observing epochs, the total integration times (t int ), the observing frequency bandwidth (∆ν obs ), the number of bits used for the signal digitalization sampling, the FWHM minor and mayor axes of the restoring beam and its orientation angle, the integrated total flux densities, the peak flux density, and the noise levels of the resulting images. Table 2 . 86 GHz, 43 GHz and 8.4 GHz circular-Gaussian model-fit parameters. S , r, Θ and FWHM are the flux density, the projected distance to the Core, the position angle respect to the Core and the FWHM size, respectively. Upper limits on the FWHM size and S corresponds to fits of unresolved jet regions. For such fits, the upper limit of the sizes were imposed in Difmap to estimate the corresponding flux density upper limits. The latter are close approximations to the actual flux densities of the unresolved regions. Table 3 . Proper motion results. For each model component, we give the number of data points for the fit of the trajectory (N), the mean position angle (< Θ >), the mean angular speed (<Θ >), the mean proper motion (< µ >, and its corresponding β obs app < µ >), as well as its radial (< µ rad >) and normal component (< µ norm >, and its corresponding β obs app norm ). 
